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In sexual reproduction, the search for mating partners elevates the individual’s risks of
predation and parasitism. One way to increase mate search effectiveness and reduce
search costs is acoustic signaling. However, acoustic orienting parasitoid flies exploit
singing hosts, leading to high parasitism rates. Aggregations of males and females at
mating and singing in choruses might reduce individual risks by dilution and predator
saturation. This mini-review reflects on consequences for host’s acoustic signaling in
choruses using the examples of cicadas and bushcrickets. It concludes that despite
antagonistic selection pressure by parasitoids, singing in choruses might select for
increased, not reduced signaling in males. The time joining and leaving a chorus might
be crucial: once mated, a refractory period will drop males off the signaling pool,
preventing parasitism. In a chorus, fast and loud singing might be highly advantageous,
supporting the fittest males. Natural selection might have shaped signaling strategies
in choruses, which can probably only be understood when applying individual based
dynamic modeling.
Keywords: acoustic communication, parasitoid, host finding, host infection, signal plasticity
Mating requires the finding of a partner and the search can expose participants to increased risk
of predation, and parasitism (Andersson, 1994). Many animals have, therefore, evolved signaling
as a strategy to increase the effectiveness, and simultaneously reduce search costs (Greenfield,
2002). Acoustic communication is a very effective way of sending information and is employed
by different insect taxa (Gerhardt and Huber, 2002; Strauß and Lakes-Harlan, 2014). The diversity
of potential acoustic options allows for the selection of very specific signals that can create
private channels, interfering little with other broadcasters and receivers. Despite the uniqueness
of acoustic signals, some parasitoid flies have evolved sensory systems to break into the private
communication channel of their hosts and become unintended signal exploiters (Zuk and Kolluru,
1998). Acoustically hunting flies belong to the Tachinidae and Sarcophagidae, with only a few
specialized taxa in both fly families. Interestingly, the flies hunt for sound producing hosts from
two distinct host taxa: flies of the tribus Ormiini (Family Tachinidae) parasitize singing crickets
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and bushcrickets (Orthoptera: Ensifera; Lehmann, 2003), while
flies of the tribus Emblemasomatini (Family Sarcophagidae)
attack cicadas (Homoptera; Lakes-Harlan and Lehmann,
2015). This clear separation of host taxa indicates at least
two independent evolutionary processes, each with different
adaptations. Neuroanatomy and neurophysiology underline
the separate evolution of the hearing sense for host detection
(Lakes-Harlan and Heller, 1992; Robert et al., 1992; Lakes-Harlan
et al., 2007). The parasitoids are well-adapted to their hosts and
are very successful acoustic hunters, resulting in high rates of
parasitism (Lehmann, 2008; Lakes-Harlan and Lehmann, 2015).
Within the Ormiini, some radiation might have occurred
leading to around 70 parasitoid taxa (including Ormia, Therobia,
and Homotrixa) which are specialized on a single species or a
limited set of crickets, mole crickets and bushcricket host species
(Lehmann, 2003). The radiation could simply be caused by an
availability of different host species. Alternatively, avoidance and
defense adaptations of hosts to parasitoid pressure could force
parasitoid species to a more general host spectrum or a switch
of host species. Such adaptations could be realized by satellite
males and other alternative behavior (Zuk et al., 1993) and have
mainly been reported for crickets and their parasitoids, especially
Ormia ochracea. Within the Emblemasomatini some parasitoids
have multiple host species (Stucky, 2015), whereas the well-
investigated Emblemasoma auditrix seems to be more selective
as it has almost exclusively been found in the cicada Okanagana
rimosa (Lakes-Harlan et al., 2000). E. auditrix shows several host
specific adaptations, from ecological preferences to tuning to
the auditory cue for host localization and a highly specific host
infection behavior (Schniederkötter and Lakes-Harlan, 2004).
We highlight possible processes in the two independent host
systems of bushcrickets and cicadas, which are convergently
under the risk of parasitism yet share some similarities in
the sensory exploitation. One obvious fact is that despite the
high parasitism rates, host sensory counter adaptations seem
to be less effective in both, the bushcrickets and the cicadas,
as host individuals seldom detect approaching parasitoid flies
until direct contact. Furthermore, contrary to the selection to
reduce calling in some of the Ormia-cricket systems, neither
the bushcrickets nor the cicadas show signaling reduction as
response to the acoustic parasitoids (Lakes-Harlan and Lehmann,
2015). The two host systems share however important life-
history aspects; (1) a highly synchronized occurrence of males
and females (Williams and Simon, 1995; Lehmann, 2012),
including an operational sex ratio close to one (Heller and
von Helversen, 1991), and (2) an aggregated occurrence at
mating time including chorusing (Lehmann, 1998; Stölting
et al., 2004). We review what is known in these systems,
and emphasize the importance of social aspects to reduce
individual parasitism risk, especially of superior signaling males.
Several bushcrickets species of the genus Poecilimon, especially
those of the P. propinquus-group, are well-known hosts of
the Ormiini Therobia leonidei (Lehmann, 2003). Because of
singing, male bushcrickets are under a steady rate of attack
from parasitoids, reaching up to a parasitism rate of 65%
(Lehmann and Heller, 1998; Lehmann, 2008). Interestingly,
bushcricket species of the genus Poecilimon hatch, and develop
in a highly synchronized manner. Similarly, males show only
little protandry, with females following 0.6–3 days after themales,
which is extremely short in comparison to other bushcricket
species (Lehmann, 2012). Consequently, a close match is found
for the time to reach sexual maturation (Lehmann and Lehmann,
2008). However, this pattern of high synchronization is found
in all three Poecilimon species, with one being a highly
parasitized species, the second one a probably parasitized and
the third one a species uninfected by the acoustic parasitoid.
Hence, environmental factors like the summer drought in
Mediterranean habitats depriving the herbivore bushcrickets
of their food may select for such synchronization (Lehmann
and Lehmann, 2006). Regardless of the ecological drivers, the
Poecilimon species with unidirectional communication system
of signaling males and silent females (Heller, 1984, 1992;
Strauß et al., 2014) sing temporarily and locally aggregated. The
aggregated males increase singing performance as response to
acoustic rivals (Anichini et al., 2018), hence stimulate each other
into unstructured choruses (Lehmann, 1998). Such aggregations
might increase the total risk for the population but lower
the per capita risk of an individual compared to singing in
isolation, as found for the cricket-Ormia system (Cade, 1981).
It has been shown that the acoustically orienting parasitoid
O. ochracea reduce the propensity of cricket males to sing,
especially in the host-parasitoid system on Hawaii (Zuk et al.,
2006) where the parasitoid fly seems to be introduced rather
recently and have adapted to a new host (Gray et al., 2019).
Although no differences in signaling behavior were found
between low-risk and high-risk populations in some north
American mainland areas attacked by the same parasitoid
(Beckers and Wagner, 2012) and predominant parasitism late
in the season might even increase not reduce reproductive trait
investment (Beckers and Wagner, 2018).
Even with a balancing selection by acoustic parasitoids
(Lehmann et al., 2001), Poecilimon males increase their
investment into songs depending on social environment, such
as the number and fitness of competitors, expressed through
song parameters (Anichini et al., 2018). Conditionally fitter males
(expressed as body mass) produce not only the larger nuptial
gifts (Lehmann, 2008; Lehmann and Lehmann, 2009), they also
have larger morphological structures for stridulation (Anichini
et al., 2017), win song contests against weaker males (Anichini
et al., 2018), and are preferred by phonotactic approaching
females (Lehmann and Lehmann, 2008). The attractive singers
to females might face a dilemma as they are also preferred by
the parasitoid flies (Lehmann et al., 2001). We do not know
which individual song characters are preferred by females and
flies (Lehmann et al., 2001), but in a cross-species comparison
the one with the longer songs including several repeated song
elements (vs.) is at a much higher risk of infection (Lehmann
and Heller, 1998). At first glance this is a paradox as both,
sexual and natural selection, seem to act in opposite directions
on song characteristics. The solution might lie in the social aspect
of a chorus: once a male has attracted a female and mated, it
shows a refractory period to produce the massive spermatophore
(Lehmann and Lehmann, 2000), which can make up to 30%
of a male’s body mass as reviewed for the genus (McCartney
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et al., 2008); consequently it will keep silent for a few days until
it is able to remate (Heller and von Helversen, 1991; Reinhold
and von Helversen, 1997; Lehmann and Lehmann, 2000). In
phonotactic experiments females reach a singingmale in less than
a minute up to a meter apart (Lehmann and Lehmann, 2006;
Lehmann, 2008). However, parasitoid flies are also able to very
precisely track and localize a singing bushcricket (summarized
in Lakes-Harlan and Lehmann, 2015). Therefore, quick and
risky singing might be highly advantageous, if better singers are
able to attract conspecific females before a parasitoid localizes
them. Once mated, those males drop out of the chorus and
are no target of parasitoids anymore lighter, less fit rivals in
turn need to continue singing until they attract a female. Mate
choice in bushcrickets is best described as a best-of-n search
strategy (Lehmann, 2007; Lehmann and Lehmann, 2007); once
the fittest male drops out of the chorus, the second best singer will
become the favored male (Lehmann, 2007). Females will mate
when giving access to a single male (Lehmann and Lehmann,
2008), even if it was the non-preferred singer in a previous
phonotactic experiment (Lehmann and Lehmann, unpubl. data).
Consequently, the parasitism risk for low condition singers of
being parasitized might in fact be even higher when integrated
over the reproductive season (Figure 1). As T. leonidei flies are
rarely attracted to loudspeakers (Lehmann and Heller, 1998), we
have no direct test for the duration until flies approach their hosts
in the field. However, a comparison of the number of mated
males per night, estimated to be around 20% (Heller and von
Helversen, 1991), with the nightly parasitoid attack rate of 3–7%
(Lehmann and Heller, 1998) shows the advantage of mating over
parasitism. So, in a simple approximation it is three to six times
more likely for a high conditionmale to attract a female than to be
parasitized. This easily would mask the parasitism risk and could
also be a pattern found in other taxa.
The cicada O. rimosa, as hosts of the fly E. auditrix, might
show the similar behavioral, and social traits as the bushcrickets.
It is under attack by an acoustically orienting parasitoid, possibly
influencing signaling behavior. In contrast to Poecilimon not
much is known about intraspecific competition and female
FIGURE 1 | Schematic illustration of possible chorus effect on parasitoids. Singing males (blue) are classified by their sound propagation as superior (large radius) and
inferior (smaller radius). Scenario A: In a non-chorus situation, females (pink) may have limited choices, and might mate with an inferior male nearby, due to better
sound representation in her nervous system. Overlaid figures indicate mating pairs. This male then stops singing for some time (indicated by a gray circle) and cannot
be detected by the acoustically hunting parasitoid. A dipteran parasitoid might then attack the next sound producing male, which might be by chance a superior
individual. Scenario B: In a chorus situation males and females are densely packed. Females which are in the broadcasting range of more than one male can select a
superior one. As result more superior than inferior males mate and cease song production (gray circle). The parasitoid will affect mostly inferior singers. Some females
might remain unmated, as more than one choose the same male (e.g., Lehmann and Lehmann, 2007) or are not in the broadcasting range.
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choice. Here we highlight the commonalities and the differences
in aggregation calling. Even stronger than in the bushcrickets,
the cicada life cycles might have evolved under predation
and/or parasitism pressure, having a multi-year life cycle with
nymphal stages living several years in the ground (Williams and
Simon, 1995). At the extreme end are the periodical cicadas,
which emerge in large numbers every 13 or 17 years at a
given location (Williams and Simon, 1995). With such prime
numbered periodicity, it may be possible to reduce the pressure
from predators and parasitoids (Hoppensteadt and Keller, 1976).
Modeling confirmed that this prime numbered periodicity could
have arisen from such processes (Goles et al., 2001). Connected
to the periodical life cycle are mass emergences of adult cicadas,
often resulting in large and loud choruses (Williams and Simon,
1995). Such choruses are interpreted as adaptations to predation
pressure, as for example birds are saturated due to the high
numbers. Chorus synchronization has been reported for the
periodical cicada species Magicicada cassini (Huber et al., 1990).
While not fully periodical, O. rimosa populations fluctuate in
abundances from year to year making them proto-periodic
(Lakes-Harlan and de Vries, 2014). The abundance fluctuations
seen today might be an effective measure to reduce parasitization
pressure for the cicada, as in poor cicada years the parasitoids
quickly become host saturated, which reduces the parasitism
risk in the following years. Like the Poecilimon bushcrickets,
the cicada O. rimosa form unstructured choruses where the
temporal pattern of the specific calling song is obscured (Stölting
et al., 2004). Surprisingly little is known about the auditory
behavior of female cicadas acting as receivers. Even simple female
phonotaxis is rarely studied in cicadas (but see Doolan and
Young, 1989; Daws et al., 1997), and female sexual selection less
so. Nevertheless, calling is a prerequisite for O. rimosa males to
attract females (Stölting et al., 2004) and this signal is similarly
exploited by the parasitoid E. auditrix (Lakes-Harlan et al.,
2000; Tron et al., 2015). Interestingly, the cicada choruses might
distract the acoustically hunting parasitoid, as it’s phonotaxis
is tuned to the temporal structure of an isolated calling song
(Lakes-Harlan et al., 2000). Individually calling of single males
are noted either in years with low population densities, or early
in the season. Such males face strong parasitism pressure, as early
in season up to 80% of males have been found to be infected
(Schniederkötter and Lakes-Harlan, 2004). O. rimosa does not
exhibit defense strategies like wing flips or other behaviors to
expel the parasitoid (Schniederkötter and Lakes-Harlan, 2004).
Individual cicada males cannot reduce the risk of being attacked
by a parasitoid by shortening songs, as the parasitoid can detect
signals of only 1 s duration (de Vries and Lakes-Harlan, 2003).
Chorusing might provide the only possibility to reduce an
individual’s risk of parasitism (Figure 1). The adaptation for
chorus calling can be shown by experimentally broadcasting the
calling song in silent cicada habitats. If males are present, they
produce short calling songs triggered by the stimulus (Stölting
et al., 2004), which in turn might result eventually in a chorus.
The number of calls increases drastically with start of the chorus,
and the number of fly larvae per female E. auditrix drops
simultaneously by 50–75% (de Vries and Lakes-Harlan, 2005).
Interestingly, the success rate of host infection by the parasitoid
seems to slow down as the number of larvae per female fly stay
constant for the next few days. This finding might be another
indication of a protective character of the chorus.
Thus, the cicada chorus with its acoustically hunting
parasitoid has several commonalities to the Poecilimon-Therobia
system and it might serve as testing system for the hypothesis,
that successful males aremore protected than unsuccessful males.
Therefore, we need data on the individual song characteristics
of males, the female preferences, interactions within the chorus
and preferences of the parasitoid. The same system might also
provide the control, as the different abundances between years
vary from low density populations with singly calling to high
density populations with chorus.
CONCLUSION
Acoustic communication of bushcrickets and cicadas is shaped
through selection of acoustic orienting parasitoids. Similar social
signaling strategies evolved in the two distinct taxa, which form
large choruses. Fitter males might face an advantage through
the chorus by mating faster and risking fewer parasitoid attacks
as they drop out of the pool of signalers. Thus, this type of
sexual communication can be best understood when analyzed in
a socially dynamic network, including the individual risk of -and
the fitness deprivation by- parasitism. We suggest further cicada
experiments to test for a mating advantage of better singers.
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